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ABSTRACT
Recent trends in the energy sector have provided opportunities in the research of alternative
energy sources and optimization of systems that harness these energy sources. With the rising
cost of fossil fuel and rising concern about detrimental effects that fossil fuel consumption has on
the environment, electric vehicles are becoming more prevalent. A study put out in 2009 gives a
prediction that in the year 2025, 20% of new vehicles will be PHEVs.[1]
As energy providers become more concerned about a growing population and diminishing
energy source, they are looking into alternative energy sources such as wind and solar power. Much
of this is done on a large scale with vast amounts of land used for solar or wind farms to provide
energy to the grid. However, as population grows, requirements of the physical components of a
power transmission system will become more demanding and the need for remote micro-grids will
become more prevalent. Micro-grids are essentially smaller subsystems of a distribution system
that provide power to a confined group of loads, or households.
Using the idea of micro grid technology, a solar charging station can be used as a source to
provide energy for the immediate surroundings, or also to electric vehicles that are demanding
energy from the panels. Solar charging stations are becoming very popular, however the need
for improvement and optimization of these systems is needed. This thesis will present a method
for redesigning the overall architecture of the controls and power electronics of typical carports
so that efficiency, reliability and modularity are achieved. Specifically, a typical carport, as seen
commonly today, has been built on the University of Central Florida campus in Orlando. This
iii
carport was designed in such a way that shifting from conventional charging methods is made easy
while preserving the fundamental requirements of a practical solar carport.
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CHAPTER 1: INTRODUCTION
1.1 Plug-in Hybrid Electric Vehicles (PHEV) In Today’s Market
As the population is always growing at a faster rate in the world, the supply of conventional fuel
sources become more in demand as they become more scarce. Many countries, including the
United States, have implemented policies to reduce the reliance on non-sustainable energy sources
and shift more towards a renewable era in the energy industry. Increasingly popular is wind and
solar energy due to the abundance of this source and the lack of energy generation from these
sources.
High usage of consumer based automobiles are a large factor in energy consumption and car
companies such as Toyota, Chevrolet and Nissan have focused on this problem by developing a
new line of cars that are either hybrid systems with a combustion and electrical power train system
for generating energy for motion. Some of these cars are strictly electric vehicles.
Some hybrid systems use a series configuration where the engine is used to supply charge to
a battery while an electric motor is driven off of the same battery. This case, known as provides
quicker acceleration for vehicles since the electric motor provides the kinetic energy for the car
and regenerative braking can be used to supply energy back to the battery thus relieving the load
on the engine. This configuration is emphasized in figure 1.1.
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Figure 1.1: Series Hybrid Configuration of PHEV (Peter Van den Bossche)
Figure 1.2: Parallel Hybrid Configuration of PHEV (Peter Van den Bossche)
Another configuration of the hybrid vehicle is the parallel configuration. This configuration
allows both the combustion engine and an electric motor to interface to the vehicle’s transmission.
This is shown in figure 1.2.
The last and most common configuration of the hybrid vehicle is the series-parallel configura-
tion. This configuration allows both the combustion engine and an electric motor to interface to
the vehicle’s transmission in a series manner or parallel manner. This allows the electric motor to
operate the transmission for acceleration and a much smaller and more efficient engine to operate
the transmission at steady state. This is shown in figure 1.3.
2
Figure 1.3: Series-parallel Hybrid Configuration of PHEV (Peter Van den Bossche)
These are just examples of how the technology is used, but in all three of these cases, it can
seen that a battery is constantly charged and discharged based on how the car is moving. At some
point, the driver will need to give the battery a charge from a larger and more reliable source, such
as a solar panel.
1.2 The Need For Charging Of PHEVs From Renewable Energy
Charging vehicles is currently done through an AC/DC rectifier stage connected to the utility grid
giving the battery a stable and non-intermittent source for charging. Electric vehicles provide a
good foundation for pursuing a more efficient lifestyle for people just as adding solar power into
the grid is another opportunity for green initiatives. It is important for there to be a method of
charging vehicles from solar power as it can cut down on the cost of building and maintaining the
power distribution system.
3
1.3 UCF Charging Station For PHEVs
In this thesis, a solar charging station is proposed and evaluated as a feasible solution to charging
PHEVs. It can be shown that PHEVs are good candidates for a solar carport style charging station:
• The power density for charging PHEV batteries is similar to a solar charging station power
density
• The markets for PHEVs and solar carports are generally focused on consumers wanting to
help the environment and are complementary
• Carport provides large amount of shade for vehicles
• Charging stations only occupy space vertically and therefore parking density in a lot is not
compromised
• Regular use of solar charging station for PHEVs can cover cost of carport construction
This thesis will provide information on current technology for the solar charging station and
how these systems can be improved to be more ideal for a larger scale. It will compare the existing
technology to UCF’s charging station on the following criteria:
• Efficiency of overall systems





In addition, this thesis will provide the steps and all of the relevant design criteria that were used
during the topology selection, simulation , implementation and testing stages of this research
project.
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CHAPTER 2: PREVIOUS WORKS
Green solutions to charging electric vehicles are being implemented in the form of solar carports,
a structure attached to a home just like a normal carport, but with solar panels installed on the
roof of the carport. These panels are usually rated for the power demand from the battery charger.
Electric vehicles are equipped with AC charge receptacles and so the solar panel must have a
power electronics interface the grid to convert the solar DC power into AC power. This design
is an excellent solution because the car is able to charge from the grid regardless of illumination
conditions on the solar panel. In addition, the solar panels push power to the grid whenever a car
is not parked in the carport providing potential to offset a consumers power bill.
While the existing technology that will be addressed in this section is significant for this field
of research, it is still lacking in many areas and this thesis will address these issues. These issues
are as follows:
• Compromised Efficiency From DC/AC/DC Conversion
• Lower Reliability Due To Relays For Connection And Disconnection
• No Scalability or Modularity in Current DC/DC System
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2.1 Solar Charging Stations: DC/AC/DC
As mentioned earlier, a common and simple method of charging PHEVs is with a DC/AC/DC con-
version process. This begins first with a DC/AC converter as the interface between the solar panel
and the grid. This converter will always operate with the solar panel operating at it’s maximum
power point and never requires the converter to operate in a current limiting mode unless there is
a fault on the grid side. The second stage is an AC/DC conversion stage that converts the power
from the grid to the car battery.
The implementation of this structure is usually in the form of a carport attached to a home
or even at a workplace. This configuration allows the construction of the carport simply with
COTS products such as a solar grid-tie inverter with Maximum Power Point Tracking and a battery
charger that is usually included in the PHEV itself. Due to the power capacity of the grid, the grid
acts as a hard source and provides the carport with inherent scalability. Scalability becomes a prob-
lem when multiple sources (e.g. solar panels and their respective DC/AC converters) or multiple
loads (e.g. car batteries and their respective AC/DC converters) are attached to the common bus
and proper current sharing between the sources and loads is not employed. If the proper precau-
tions are not taken with a less capable bus, only a single source or single load will process power
with the carport leaving the other sources/loads idle. In addition, when the power demand from
the load side is greater than the power supplied from the source side, the bus will quickly collapse.
Another advantage to this architecture is the use of existing standards for plug form factors as
well as safety thresholds. PHEVs are equipped with an AC plug interface to charge the battery
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and so all that is required to interface to the carport is a simple extension cord. AC breakers and
ground fault interrupters (GFI) already exist and are standardized allowing for a simple interface
to the carport from a safety perspective.
Despite the simplicity of design and manufacturability, the DC/AC/DC system is still lacking
in higher efficiency due to isolation transformers and conversion loss inherent to AC/DC systems.
Direct DC/DC charging allows for a higher conversion efficiency and is desirable in solar carport
stations for PHEVs. This thesis will address the need for direct DC/DC charging and show the
efficiency gain for such systems.
2.2 Solar Charging Stations: Direct DC/DC Charging Using Relays For Current
Sharing [2]
Work has been done on direct DC/DC charging which allows the system efficiency to be higher.
The research done on direct DC/DC is similar to the research being done in this thesis however
the system designed is not easily scalable and the design parameters of the system depend heavily
on the expected source and load ports to the carport. What this means is that the carport cannot
be easily expanded by adding more loads (e.g. parking spots) or more sources (e.g. solar panels)
without redesigning the control structure for the carport.
The system described uses a computer controlled series of relays to route power from the solar
panels to either the car battery or a grid tie inverter based on the following two scenarios:
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• When a discharged battery is plugged into the carport, the relay for that parking spot discon-
nects the grid tie inverter from the panel and connects the battery charger to the panel.
• When a battery has reached a full state of charge, the relay for that parking spot disconnects
the battery charger from the panel and connects the grid tie inverter to the panel.
Another problem with this design is that the battery charge algorithm is regulated by switching
inverters in and out of the system so as to divert power flow from the panels to the inverters.
Switching inverters out of the system will cause a rapid change in the available power to the car
battery and the battery voltage will drop rapidly due to the loss in available power. The same is
true for when an inverter is switched out of the system introducing a sudden increase in the power
level. This can cause the battery voltage to rise very quickly. With large transients in the battery
voltage, the charge algorithm can be disturbed and detecting the end of charge is tricky. To counter
this issue, the research done in [2] has external temperature sensing to detect the end of charge
and therefore extra components are required. In addition to increased complexity of the system,
switching the inverters in and out of the system quickly will create large in rush currents and there
is a risk of damaging components.
It can easily be seen why this research, while creating a good foundation for direct DC-DC
charging from solar power, relies too much on external circuitry and does not provide an ideal
charging curve for batteries. Lead-acid batteries may be suitable for this application, however,
nickel based and lithium based batteries are more prevalent in electric vehicles and a more exact
charging curve is required from the charging station.
9
Scalability is as mentioned, a key component in solar carports, as it allows for quick and easy
expansion with minimal re-design work. The research in [2] does not provide an easy enough
method for scalability and expansion.
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CHAPTER 3: MODULARITY AND SCALABILITY
METHODS
As mentioned in chapters 1.3 and 2.2, modularity is an important aspect of this system and current
technology with direct DC-DC charging is lacking this. Modularity in this case implies that any
number of converters, whether they be a source or a load, can be connected to this DC bus without
having to worry about a collapsed bus voltage or a bus voltage fault. When thinking of modularity
as it pertains to AC-based carports, the grid is always available day and night and provides a
steadily regulated voltage.
For a system primarily independent of the presence of the grid voltage during normal operation,
devices attached as sources and loads to the bus must act in a cautious manner so that the bus
voltage does not fall below a threshold for the case of the bus attached loads. For bus attached
sources, they must not supply a surplus of energy to the bus as this will cause the bus voltage to
rise beyond a threshold.
This can be accomplished in a few ways and will be discussed in this chapter.
3.1 Using Digital Communication To Control Power Sourced and Delivered To
and From the Bus
A simple solution to the issue of managing power flow to and from the DC bus is organizing the
loads and sources to the bus as slave devices. The power demand for each of the loads is controlled
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by a master device and thus allowing the master to manage the current sharing between the loads.
The same can be done to ensure that the sources have a matching power operating point so that
there is power sharing between the devices.
Using this method would still require a non-regulated bus voltage due to the fact that the system
does not rely on grid power as a normal power source. Using a fast communication protocol
between the master and the slave devices, the master can control the current reference for the
current controllers and control this based on net power flow to and from the bus.
The problems with this solution are as follows:
• Dependence on stable communication system
• Real time calculation of power input and output to bus is required to maintain a safe bus
voltage
• Error from current and voltage sensing the load and source controllers can introduce large
mismatches between the devices
• Error in power flow estimation create large changes in bus voltage
• Design requires communication and therefore lacks ability to easily scale the system up-
wards
The first bullet point states that a stable communication system must be in place for the system
to operate properly and therefore if the system loses communication for any reason to one of the
slave modules, that device must be disabled until the communication link is back. This should
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not happen under normal circumstances, however added complexity to the system can add a weak
point into the system when it may not be necessary.
The second, third, and fourth point correspond to the power flow calculations required by the
master device. For the master device to schedule power to and from the grid, it must calculate the
power being extracted from the solar array string as well as the power delivered to each car battery.
Based on how much energy is being extracted from the solar arrays, the amount of energy supplied
to the batteries can be calculated. Error in the sensing can cause mismatches in the current sharing
between the modules. Also, a slight error in the energy balance calculation can cause large changes
in the bus voltage to a point of bus voltage fault.
The last point states the system becomes extremely difficult to scale upwards and is not as
modular as a system that does not rely on communications. As more and more modules are added
top this system, computations will take longer and longer and the system could become unstable.
3.2 Using Bus Voltage To Control Power Sourced and Delivered To and From
the Bus
The above mentioned method of managing power flow on the bus requires a lot of computation
to maintain balance on the DC bus. This is effectively keeping the bus voltage in a range that is
acceptable for the entire system so that devices do not fault out of the system.
If the goal is to maintain power flow by monitoring the bus voltage without strict regulation,
then the attached devices to the bus can be designed to regulate their output power according to
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the bus voltage. This method of power control can be implemented using a droop behavior to limit
the amount of output power for both the sources and the loads. [4], [5] and [6] cover the use of
voltage to control the droop behavior of parallel attached converters that feed a common load but
from varying input sources. This behavior is exhibited in the solar port of the carport, however
the battery charging port of the carport follows this behavior in a different way. The charging port
consists of paralleled converters with common inputs but different loads.
In figure 3.1, the droop behavior is demonstrated for the droop behavior using the bus voltage
as the droop variable. This figure can be broken down into four modes and will now be discussed.
3.2.1 Mode 1: PSolar + PRectifier = PBattery
An important aspect of this carport is that it should provide power to electric vehicles whenever
there is no solar or not enough energy and it should do this by pulling power from the grid. This
scenario could be due to charging during night time hours, inclement weather with clouds or rain
and could also arise from failure of components on the solar conversion port.
In this mode, the solar DC/DC converter is not operating in maximum power point tracking
only because it has reached it’s current limit for protecting the power stage. As the current and
power ratings of the solar DC/DC converter are increased, this Imax will rise. The solar DC/DC
converter will operate at full power until either a bus voltage fault occurs or the bus voltage is
brought back up by the solar DC/DC and the rectifier.
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The charger for the car battery increases the limited current reference for the current controller
as the bus voltage becomes higher in this mode. By changing the reference slowly as the bus
voltage rises or falls, the system can maintain a proper energy balance between the solar DC/DC
converters and the battery charger DC/DC converters. This also prevents the charger from rapidly
turning off and on as the available power on the bus is fluctuating due to other conditions allowing
for a scalable system.
In this mode, it was shown that the amount of power available for charging cars is limited and
therefore power should not be converted to the grid in this mode. This insures that the cars parked
at the carport always have precedence over grid when there is a higher demand for power than
there is supply.
The rectifier should be pushing its full power in this mode to supplement the lack of power
from the solar panels. By pushing full power from the rectifier in this mode, the battery chargers
are able to get power if the carport is operating at night time or inclement weather. The rectifiers
power rating is only enough to supply two battery chargers at full power, so in the case of four cars
at the carport, the rectifier would be able to sustain 50% charging for each of the battery chargers.
This is under the assumption that the contribution of solar power is much smaller than the available
power from the rectifier.
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3.2.2 Mode 2: PSolar + PRectifier = PBattery
The second mode is the case where the solar converters are operating in maximum power point
tracking mode and supplying sufficient energy to the bus for the chargers to operate at full power.
The key behaviors in this mode are the maximum power point tracking of the solar DC/DC and the
droop characteristic of the rectifier.
In this mode, the top portion of the diagram shows that the solar DC/DC converter is operating
in it’s maximum power point tracking region. Due to the range of bus voltage in this mode, it is
clear that the solar DC/DC converters are near full power, depending on the number of vehicles at
the carport and the amount of radiation on the solar panels.
As mentioned, in this mode, the chargers are all operating at full power assuming that the
batteries are not at a full state of charge. For the batteries near a full state of charge, their individual
power is limited while the remaining chargers supplement the power draw from the bus. Because
the bus voltage is in the appropriate range, the chargers no longer need to limit the power draw
from the bus to keep the bus voltage high and so this is why they operate at full power.
The inverter is still pulling no power in this mode because it is important that the chargers are
given priority at the provided energy. The inverter should only operate when there is an excess of
power from the solar panels.
This mode allows for the rectifier to slowly derate it’s power supplied to the bus as the chargers
do not require as much supplemental power from the grid. Instead, the chargers are able to operate
at full power most of which is supplied from the panel. It is important that the rectifier does not
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quickly turn off as this may cause the system to switch between the first and second mode quickly.
Instead, the power is slowly reduced so that the bus voltage steadily transitions between modes.
3.2.3 Mode 3: PSolar = PInverter + PBattery
Mode 3 is addresses the scenario where there is an excess of solar power because either cars are
getting close to end of charge or there are few cars at the carport. This mode is where the carport
should deliver the power needed by the chargers while the remaining energy is delivered to the
grid.
The solar DC/DC converter is still operating in maximum power point tracking mode because
it is assumed that there is still a balance of energy between the panels, the car batteries and now
the grid. As the carport enters mode 3, the bus voltage is larger than the first two modes and the to
maintain a constant power level of 1.2 kW, the output current is reduced to a much lower level.
The chargers will operate at full power demand per the requirements of the battery charge
cycle. If the battery is near full state of charge, the Imax level shown in the figure is dictated by the
power demand of the battery itself. Therefore, this mode does not necessarily imply full 4 kW of
power.
The inverter, as mentioned, begins operating in this mode using the droop characteristic com-
mon to all of the converters. It is important that the inverter is not quickly turned on as the bus
voltage hits a threshold because this may cause a current fault in the inverter due to a large in rush
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current and may also cause the bus voltage to collapse. The inverter used in this research is an off
the shelf part rated for 5 kW.
3.2.4 Mode 4: PSolar = PInverter + PBattery
The last mode in the figure addresses the case where the solar panels are supplying more energy
than is needed by the charger and the inverter, both of which are operating at full power demand.
In this case, the solar power is slowly derated as the bus voltage becomes too large and is shown
by the linear drop in the current reference in the figure. Just as the rest of the converters in the other
modes derated their power, the solar behaves in the same manner.
The charger will still operate at full power demand to try and bring the bus voltage down back
to a safe level before it faults at a higher bus voltage. The charger may still limit the power to
below 4 kW based on the state of charge and so the inverter must also
The inverter will behave similarly to the charger but pushing the full 5 kW that is rated for the
inverter. The inverter will continue pushing the full power until the bus voltage enters a fault state
due to over voltage on the bus.
As mentioned, the bus has too much energy and the system is trying to push as much power to
the loads. This is why the rectifier does not operate in this mode as well as mode 3.
Bus voltage faults should not occur in this system as long as the inverter and/or charger hard-
ware and controls are functioning properly. This is because the droop control characteristic slowly
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controls the power flow to the bus eliminating the likelihood of harmful transient effects on the
bus.
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Figure 3.1: Behavioral Diagram of Bus Attached Devices
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CHAPTER 4: HARDWARE
The hardware used for this thesis was all designed by the group of students involved in the project
and there were a total of three designs that were tested during the project. The solar DC/DC and
the battery charger DC/DC converter were the two power stages that were designed and heavily fo-
cused on in the research leading up to this thesis. In addition, a controller board was also designed
with two prototypes starting from the beginning as well. The controller board design allows for an
easy plugin interface to the power boards helping to increase the development time.
The design and progress of the power stage and controller boards will be discussed as well as
the topology selected for the power stages. Since the research was mostly focused on the solar and
battery charge functionality of the carport, their respective power stages will only be discussed.
4.1 Topology Selection
The goal of this research is to develop a system, both hardware and software, that provides the
most efficient solution to charging car batteries from a solar charging station. This is done in many
ways, one of which is by using a high efficiency DC/DC converter.
The typical topologies in power electronics such as the buck, boost and buck-boost topologies,
give a high efficiency voltage converter however, their efficiency is limited due to switching and
conduction losses in the converter. Conduction losses can be overcome by selecting components
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with lower resistance and designing the circuit board properly. Switching losses can be overcome
in the same manner, however a more significant gain can be made by altering the topology slightly.
Switching losses in a buck converter arise from turning the switches on while there is voltage
across them or turning the switches off while current is being passed through the switch. Derived
from the basic DC/DC converters, soft switched converters operate the switches when there is no
chance of creating these switching losses so that the efficiency of the converter is increased signif-
icantly. Topologies known as Zero Voltage/Current Switched (ZVS/ZCS) converters replace the
main switch in the converter with another switching cell[7],[8]. The operation of this switch relies
on many factors including the input and output voltage as well as the loading. These devices oper-
ate in a variable frequency mode and the control for these topologies is slightly more complicated.
The controls turn the switches on and off when there is either no voltage across them or when the
current passing through them has reached zero.
A more desirable solution for this project was to add a couple of passive components as well
as a switch across the main switch instead of in it’s place. This allows the converter to operate
as it normally would in terms of switching frequency and duty cycle while the controller for the
converter controls the added switch to achieve soft switching. This topology is not as effective as
a ZVS/ZCS topology, however the component count and control complexity outweighs additional
efficiency gain by switching to a ZVS/ZCS topology. [9] and [8]
A schematic representation of the ZVT switching cell used in this research is shown in figure
4.8 and the ZVT Buck converter schematic is shown in figure 4.9. As shown in the figure, Sr is the
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added switch while Dr is used for freewheeling the current through the inductor when Sr during
the resonance stage. The basic operation of this topology is as follows:
1. Sr is turned on placing Lr in the energy path and in parallel with Cr. In this mode, Lr
is charged up linearly to the output current while Dr shares the output current until Lr is
charged to the output current. See figure 4.1.
Figure 4.1: Mode 1 of ZVT
2. After Lr has charged up to the output current, Dr stops conducting and Lr is no longer
clamped to ground. This places Lr and Cr in parallel forming a resonance circuit. Lr
continues to feed the output current while also carrying the current from Cr as it resonates
with Lr. See figure 4.2.
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Figure 4.2: Mode 2 of ZVT
3. When the resonance current reaches zero, the voltage across Cr has also discharged and now
the body diode across S1 clamps the voltage across Cr preventing negative voltage across it.
See figure 4.2.
Figure 4.3: Mode 3 of ZVT
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4. This mode begins when S1 is turned on and Sr is turned off. With Sr turned off, Lr is
discharged to the output linearly with it’s current freewheeling through Dr until it is full
discharged. After Lr has discharged, Dr turns off. See figure 4.4.
Figure 4.4: Mode 4 of ZVT
5. This mode begins when Lr has finished discharging and the converter acts as a conventional
buck converter. The main inductor is charged up linearly with a peak to peak current ripple
of ∆I and a DC offset equal to the output current, where ∆I is defined by equation 4.1[8].
See figure 4.5.
∆I =




Figure 4.5: Mode 5 of ZVT
6. This mode addresses the dead time that starts after S1 turns off and S2 turns on. The main
inductor current freewheels through the body diode across S2 clamping the switch node to
ground. This places Cr across the input voltage thereby charging Cr to the input voltage.
See figure 4.6.
Figure 4.6: Mode 6 of ZVT
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7. This is the last mode in the switching cycle and it begins when S2 turns on. This discharges
the main inductor from the peak current at the end of mode 5 down ∆ I as given in equation
4.1. See figure 4.7.
Figure 4.7: Mode 7 of ZVT
Figure 4.8: Schematic representation of a ZVT cell in a Buck Converter
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Figure 4.9: Schematic representation of a ZVT Buck Converter
The switching waveforms of ZVT are shown in figure 4.10.
28
Figure 4.10: Switching waveforms of ZVT
4.2 Controller Board: First Prototype
The controller board was originally designed to be responsible for the following:
• Differential voltage sensing on input and output
• Differential current sensing on output
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• Temperature sensing for MOSFETs
• On-board 3.3V power supply
• Digital Signal Processor (DSP)
• USB Communication with PC
Using this criteria, a total of eight differential sensing circuits were added onto the schematic
with outputs filtered through an RC low pass filter going to the DSP. The differential inputs to the
sensing circuits were routed from the connector edge of the controller board to the op-amps on the
controller board.
The power supply used was designed for a 12 volt input and 3.3 volt output and so a 1A
switching regulator from National Semiconductor was chosen.
The DSP selected for this design was chosen based on familiarity with the architecture and
more importantly the design criteria. We needed a DSP with at least 8 ADC channels, three com-
plementary PWM outputs (a total of 6 PWM signals) and one UART channel for communication.
The DSP chosen based on these factors was Microchip’s dsPIC33FJ16GS504.
The first prototype of the controller board is shown in figures 4.11, 4.12 and 4.13.
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Figure 4.11: Controller board: Differential Sensing
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Figure 4.12: Controller board: DSP and USB Communication
Figure 4.13: Picture of the first prototype of the controller board
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4.3 Controller Board: Second Prototype
Due to the design of the third prototype, isolated driving for the MOSFETs on the power stage
were needed to make the power stage more dense as well as easier to assemble. In addition, an
auxiliary power supply was also needed to power the controller board from the input of the power
stage. This means that the input voltage for the auxiliary power supply should be range from 150V
to 450V. This will allow either the bus voltage or the solar panels to power the auxiliary supply on
the controller board.
The isolated driving circuit that we used has a dual output isolated power supply with +/- 15V
for driving the MOSFET. The negative driving voltage was added to have a quicker turn off of
the MOSFETs. This was added into the design to lower the switching losses and also to control
the gate driving resistance separately for turn and turn off of the MOSFET. The schematic for an
individual driving circuit is shown in figure 4.14.
Figure 4.14: Controller board: Isolated MOSFET Driving
As mentioned, an isolated topology was desired for the auxiliary power supply due to the
magnitude of the voltage gain that would be needed. A lot of time was spent designing, simulating
and testing the high voltage power supply and the final design used was a flyback converter. Linear
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Technology’s LT1952 is the flyback controller IC that was used as it provided a quick control
of the output voltage using current mode control and was already implemented in LtSPICE for
simulation. The final schematic of the power supply is shown in figure 4.15.
Figure 4.15: Controller Board: Auxiliary Power Supply
The final layout with included components is shown in figure 4.16.
Figure 4.16: Picture of the second prototype of the controller board
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4.4 Power Board: First Prototype
The first stage of prototyping for this project involved the design of a separate power board for
the solar and for the battery charger. The solar DC/DC design was made much smaller than the
charger design because of less current and power stress. The main design consideration for the
solar DC/DC converter was the trace spacing for voltage as well as the component values for the
soft-switching components. The specifications for the solar DC/DC converter are as follows:
• Vin = 280 to 450 VDC
• Vout = 200 to 300 VDC
• Pout = 1.2 kW
• Iout = 6A
The charger DC/DC converter was designed for lower voltage but with much higher current.
• Vin = 200 to 300 VDC
• Vout = 72 VDC
• Pout = 4 kW
• Iout = 60A
Both of these boards utilized the same connector for the controller board so that the hardware
for the controller boards was universal. In addition, separate driving boards were also produced
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that plug into the power board near the MOSFETs. The driving that was used on the first prototype
was a high voltage boot-strapping driver so that the driving was simple and cheap.
The first prototype had numerous problems with layout and the driving was not reliable enough
to continue with bootstrapping driving. In addition, the boards did not allow for proper heat sinking
methods and therefore it was decided that a redesign of the power board was required. A picture
of the first charger board is shown in figure 4.17.
Figure 4.17: Picture of the first prototype of the charger board
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4.5 Power Board: Second Prototype
The second prototype was made to be universally acceptable for the design specifications of both
the charger and the solar DC/DC. This allowed for quicker turnaround time on boards with the
only tradeoff being that the board is over specified and larger.
The second prototype used the same connector style as the first prototype allowing us to use the
same controller board and add in newly design driving boards with isolated driving. The driving
scheme that was used was an isolated circuit with a single 12V isolated supply to supply driving
to the MOSEFTs.
Pictures of the charger and solar DC/DC converters are shown in figures 4.18 and 4.19, respec-
tively.
A lot of development was done on this board to test the thermal capacity of the board as well
as the driving schematic. On this prototype, the MOSFETs for the converter were placed on the
underside of the power board so that a heat sink could easily be attached to the them. However, this
same design consideration was not made for the soft switch diode and due to high current through
this diode, it needed to be placed on the underside of the board like that of the MOSFETs.
The driving circuit for this board was finalized and the driver circuit mentioned in section 4.3
was tested heavily on this board to test the validity of the design.
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Figure 4.18: Picture of the second prototype of the charger board
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Figure 4.19: Picture of the second prototype of the solar board
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4.6 Power Board: Third Prototype
The third and final prototype included the main power stage and a single single connection row
for the controller board. This was done to match the final prototype for the controller board and
also because the driving circuit had been finalized. This board was designed with better thermal
considerations for the soft-switch diode.
Pictures of the charger and solar DC/DC converters are shown in figures 4.20 and 4.21, respec-
tively.
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Figure 4.20: Picture of the third prototype of the charger board
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Figure 4.21: Picture of the third prototype of the solar board
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Table 4.1: Inductance Design Values: Solar DC/DC on left, Battery Charger DC/DC on right
























The inductors for the solar and the battery charger DC/DC converters were designed so that the
converters operated well within CCM and with a low enough current ripple to reduce losses in
the converter. The windings on the inductors were made from litz wire to reduce the copper loss
due to the skin effect[10],[11],[12] and [13]. Some testing on the wound inductors was done to
test the inductance and copper resistance over varying load conditions and switching frequencies.
Table 4.1 shows the variation in inductance based on loading while table 4.2 shows the variation
in resistance at varying switching frequencies.
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Table 4.2: Resistance Design Values: Solar DC/DC on left, Battery Charger DC/DC on right





















CHAPTER 5: CONTROLS FOR CARPORT SYSTEM
The controls for the carport system use conventional methods for controlling power flow from
the solar panels as well as power flow to the car batteries. The controller structure for the solar
DC/DC converter will first be discussed and then the controls for the battery charger DC/DC will
be discussed. A brief description of the control for the inverter and rectifier will be discussed,
despite not being formally covered in this thesis.
5.1 Solar DC/DC Converter Controls
The control for the solar DC/DC converter can be broken down into three parts: maximum power
point tracking , voltage and current control, and droop control. All three of these parts make up the
entire control structure for the solar DC/DC converter. The interaction of these three parts in the
solar DC/DC converter is shown in figure 5.1.
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Figure 5.1: Control structure for Solar DC/DC Converter
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Figure 5.2: Decision Flowchart for the Solar Controls
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5.1.1 Maximum Power Point Tracking
Maximum Power Point Tracking is a control method that is used to take advantage of an inherent
property of solar panels as well as wind turbines. For solar panels, at any given point, there is a
unique profile of operation that exists in terms of the panel’s output current and output voltage.
As the effective loading on the panel is changed from short circuit to open circuit, the voltage and
current vary according to a curve known as an I-V (current-voltage) curve. 5.3 shows the IV curve
of a solar panel while figure 5.4 shows the P-V (power-voltage) curve.
Figure 5.3: IV curve of solar panel at different irradiation levels[3]
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Figure 5.4: PV curve of solar panel at different irradiation levels[3]
The maximum power point tracking algorithm should be designed to actively change the oper-
ating condition for the DC/DC converter so that the solar panel is always operating at the maximum
power point during a steady state. Constantly changing the operating condition of the solar panel
allows the system to adapt to variations in the irradiation put upon the solar panel. The algorithm
for maximum power point tracking is depicted in figure 5.5.
During each step in the algorithm, the panel power is changed causing a disturbance in the
output of the converter. One way to control this disturbance and minimize the effect of it is to move
quickly and with small steps during each step of the maximum power point tracking algorithm.
Small steps in the algorithm lower the change in power and effectively lower the amplitude of
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Figure 5.5: Decision Flowchart for the Maximum Power Point Tracking Algorithm
50
100ms”, creates quicker changes in the power allowing these disturbances to be filtered by the
output filter on the buck converter.
Optimizing the step time and step speed for the algorithm requires real time tuning of the
converter while operating in maximum power point tracking . Real time tuning is required as
the noise level of the voltage and current sensing must be taken into consideration as it effects
the accuracy of the power measurement. In addition, maximum power point tracking is feeding
a reference to an input voltage controller and the response dynamics of this controller must be
surveyed to calculate a proper maximum power point tracking step time.
To reduce the influence of noise in the sensing, averaging the power over the steady state
portion of the maximum power point tracking step was done. Averaging proved to be a quick and
effective method to calculating the power compared to filtering and removed noise from the power
measurement.
The final maximum power point tracking design parameters are as follows:
• Step Time: 100ms
• Step Size: 1 volt
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5.1.2 Voltage and Current Control
As shown in figure 5.1, there are two controllers responsible for regulation in the solar DC/DC
converter. These two controllers are labeled as IVR and OCR, which stand for “Input Voltage
Regulation” and “Output Current Regulation”, respectively.
IVR is responsible for operating the converter in maximum power point tracking mode when
the solar carport does not have an excess of power available from the solar panels. The ideal
condition for the solar carport is to have the solar DC/DC converters operating in maximum power
point tracking as this would imply that there is proper energy balance between the solar panels and
the car batteries without assistance from the grid for loading or sourcing energy. The reference
for the IVR controller is controlled by the maximum power point tracking algorithm and it’s block
diagram is shown in figure 5.6.
The IVR compensator is a PI controller and is so for easy tuning of the dynamics of the con-
verter. The PI controller provides the required compensation parameters for the solar DC/DC
converter so that the response time for maximum power point tracking is quick.
The error signal uses positive feedback to control the input voltage due to the transfer function
of the buck converter operating in IVR. The error signal for IVR is calculated according to equation
5.1. As the input voltage falls below the reference voltage, the controller lowers the duty cycle to
bring the input voltage up to the reference. The opposite is true for the case where the input voltage
goes above the reference.
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Figure 5.6: IVR Block Diagram
errorivr = Vin − Vinref (5.1)
OCR is implemented as a protection controller to limit the power delivered to the bus when
the bus voltage becomes too high or the output current has reached the rated current for the solar
DC/DC converter.
The output of the droop equation discussed in section 3.2 controls the reference for the OCR
controller such that the output current begins limiting once the bus voltage becomes too high due
to low loading on the bus.
In the case where there is excessive loading on the bus and the bus voltage falls to low, the
solar DC/DC will be pushing 1.2 kW at a much lower voltage and therefore at much higher current
than normal operation. In this case, the OCR controller limits the output current to the rating of
the solar DC/DC converter.
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Figure 5.7: OCR Block Diagram
This controller, unlike the IVR controller, uses a negative feedback for the sensing signal due to
the control transfer function of the buck converter operating in OCR. The error signal is calculated
according to equation 5.2. As the output current falls below the reference, the controller will
increase the duty cycle to bring the output current up to the reference. The opposite is true for the
case where the output current becomes larger than the reference.
errorocr = Ioutref − iout (5.2)
The dynamic response of the OCR controller has similar requirements of the IVR control loop
so that the two controllers can respond to transients in the system, either on the input voltage or
the output current. This is an advantage to running the two controllers in parallel and taking the
minimum of the duty cycles calculated by each individual controller.
As either of the controllers begin to lose regulation, there output will come above the other
controller therefore forcing the controller with the smaller duty cycle to take control of the con-
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verter. By taking the minimum of the two controllers, as shown in figure 5.1, maximum power
point tracking will only operate when the converter does not need to limit the current.
One downside to using the minimum function to compare the output of the two controllers is
that the design will generally allow the controller with the larger output to continue rising due to
the integrator path. Assuming that the controllers are named controller A and B and controller A
starts out with a lower output, controller B will continue to accumulate the error signal forcing it’s
output to continue rising higher. After some time, controller A will be controlling the converter
while controller B’s output is much higher than controller A. After some time, the converter will
eventually change it’s operation and controller A’s output will begin to increase towards controller
B. Due to controller B’s large output, the time it takes for controller B to take control is unneces-
sarily large and this could cause a failure in the system. It could also prevent controller B from
operating at all when it should in the case of a transient.
To prevent this, when either controller is winning by having the lowest duty cycle, the other
controller is limited in such a way that the integrator and output saturate slightly above the output
of the controller that is winning. This is so that whenever the controller comes out of saturation to
control the converter, it can quickly take control of the converter while the other controller saturates
above the new winning controller.
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5.1.3 Droop Control
The droop control for the solar DC/DC converter was briefly described earlier, however this section
will provide more information on how the droop control was implemented on the solar DC/DC
converter.
As shown in the control structure shown in figure 5.1, the droop control block controls the
reference for the OCR controller. The basic principle is to limit the output current pushed to the
bus when the bus voltage comes too high. Using a simple calculation, the droop control can be
implemented on the DSP and is shown as follows:
o c r r e f = ( unsigned ) s a t u r a t e ( ( long ) ( ( long ) ( ( long ) 1023 − ( long )
comm . r e g . m e a s v o u t z o o m f i l t ) ∗ ( long )OCR REF MAX )>>10 , 0 ,
OCR REF MAX ) ;
The OCR reference is calculated using the zoomed in sense value of the filtered bus voltage.
The range of this sensing sets the range of the window that will be implemented for the droop
controller. As the bus voltage goes above the window range, the sensing circuit will saturate at
3.3V which is equal to 1023 digital values from the DSP’s ADC module. A digital value of 1023
in this equation results in the OCR reference being set to zero and therefore the reference current
for the OCR controller will command no current due to the large bus voltage. This case will force
the OCR controller to output a very small duty cycle as the commanded current is very small. This
means that OCR will take control of the converter because of the minimum function in the control
structure that compares IVR with OCR.
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If the bus voltage goes too low and falls below the bus voltage window for the droop control,
the sensing circuit will output 0V which is equal to 0 digital values from the DSP’s ADC module.
A digital value of 0 in this equation results in the OCR reference being set to OCR REF MAX,
which is the rated current for the solar DC/DC power stage. This allows the solar DC/DC converter
to push maximum power to the bus to try and bring the bus voltage higher. This case will force
the OCR controller to become very large since the commanded current is very high. If there is less
power available from the panels than the maximum rated power of the solar DC/DC converter, the
IVR controller will begin winning allowing maximum power point tracking to operate and provide
maximum power to the bus.
5.2 Battery Charger DC/DC Converter Controls
There are two components to the control structure for the battery charger: voltage and current
control and droop control. The structure of these controllers is shown in figure 5.8.
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Figure 5.8: Control structure for Battery Charger DC/DC Converter
The flowchart for the control structure for the battery charger DC/DC converter is shown in
figure 5.9.
5.2.1 Voltage and Current Control
The voltage and current control of the battery charger is implemented so that proper battery charg-
ing is implemented with the plugged in vehicles at the carport. As shown in figure 5.8, the outter
control loop is the output voltage regulation (OVR) loop for the car battery with it’s output con-
trolling the the battery current reference. The OVR and OCR controllers are PI controllers like that









































Iref = output of OVR
duty = output of OCR
- Update Duty Cycle with duty
Figure 5.9: Decision Flowchart for the Battery Charger Controls
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The error signal for the OVR control loop is shown in equation 5.3.
errorovr = Voutref − Vout (5.3)
The current reference from the OVR controller is fed to the inner control loop, the output
current regulation (OCR) loop. The error signal for OCR is shown in equation 5.2.
When the battery voltage is too low, the OVR controller will increase it’s output effectively
increasing the current delivered to the car battery. When the battery reaches a full state of charge,
the output of OVR will begin to drop so that the battery current is lowered. As the battery reaches
the full state of charge voltage, the OVR controller will have a small error signal allowing the OCR
reference to slowly drop to zero at which point the battery has reached a full state of charge.
In this control structure, there are two controllers that run serially and therefore there are band-
width requirements for the system to operate in a stable manner. If the two controllers have similar
bandwidths, the two controllers will interact in such a way that the system will become unstable.
[14],[15] and [16] explain the importance of control loop design for this case. The OCR controller
is a fast controller since it is in direct control of the battery current. This gives the converter quick
transient response in case of unexpected operation while charging the battery. The voltage of the
battery is slowly changing over time and will not change rapidly. Therefore, the voltage controller
is designed to be much slower than the current controller.
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5.2.2 Droop Control
The droop control for the battery charger DC/DC converter was briefly described earlier, however
this section will provide more information on how the droop control was implemented on the
charger DC/DC converter.
As shown in the control structure shown in figure 5.8, the droop control block controls the
reference for the OCR controller by limiting the output of the OVR controller. The basic principle
is to limit the output current pushed to the bus when the bus voltage droops too low. Using a simple
calculation, the droop control can be implemented on the DSP and is shown as follows:
o c r r e f = ( unsigned ) s a t u r a t e ( ( long ) ( ( long )comm . r e g .
m e a s v i n z o o m f i l t ∗ ( long )OCR REF MAX )>>10 , 0 , 1023 ) ;
The OCR reference is calculated using the zoomed in sense value of the filtered bus voltage.
The range of this sensing sets the range of the window that will be implemented for the droop
controller. As the bus voltage goes above the window range, the sensing circuit will saturate at
3.3V which is equal to 1023 digital values from the DSP’s ADC module. A digital value of 1023
in this equation results in the OCR reference being set to OCR REF MAX, the rated current for the
charger, and therefore the reference current for the OCR controller will command a high current
due to the high bus voltage.
If the bus voltage goes too low and falls below the bus voltage window for the droop control,
the sensing circuit will output 0V which is equal to 0 digital values from the DSP’s ADC module.
A digital value of 0 in this equation results in the OCR reference being set to 0. This forces the
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charger DC/DC converter to lower the power being pulled from the bus to help the bus voltage
from falling too low.
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CHAPTER 6: SIMULATION RESULTS
Simulations for the controls of the solar carport where done in MATLAB’s Simulink. This software
was used to build the entire carport control structure and power stage transfer functions so that
stability and feasibility of operation could be tested and verified.
There are two ways for simulating controls in power electronics: switching model and average
model. The switching model does cycle by cycle computations over the period of the switching
period in the power stage model. This allows the simulation results to show, with high accuracy,
all of the voltage and current waveforms in the power stage. The downside to this approach is that
using a cycle by cycle simulation creates much more computation time and simulation run time
can take too long.
Instead of a switching model, the average model of the individual power stages was used
thereby reducing the complexity of the simulation and allowing for quicker simulation time.
This chapter will first discuss the modeling of the individual converters and then the carport
system as a whole.
6.1 Solar DC/DC Converter










The model of the power stage for the solar DC/DC converter is shown in figure 6.1 with the
aforementioned inputs and outputs to the system. The filter inductor and capacitor on the output
of the buck converter are both parameters given to the model from the carport system model.
These values were designed and simulated using a switching model in PSPICE to verify the ripple
requirements of the converter.
Figure 6.1: Average Model of the Solar DC/DC Converter in Simulink
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Figure 6.2: Controls of the Solar DC/DC Converter in Simulink
Figure 6.3: PI Controller for Solar DC/DC Converter IVR in Simulink
The control of the solar DC/DC converter was described in a broader sense in section 5.1,
however figure 6.2 shows the implementation in Simulink. As mentioned in section 5.1, the IVR
and OCR controllers are of the traditional PI controller as shown in figures 6.3 and 6.4, respectively.
6.2 Battery Charger DC/DC Converter
The battery charger was modeled using the following inputs to the system:
• Duty Cycle
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Figure 6.4: PI Controller for Solar DC/DC Converter OCR in Simulink
• Input Voltage
• Output Current





The model of the power stage for the battery charger is shown in figure 6.5 with the aforemen-
tioned inputs and outputs to the system. The filter inductor and capacitor on the output of the buck
converter are both parameters given to the model from the carport system model. These values
were designed and simulated using a switching model in PSPICE to verify the ripple requirements
of the converter.
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Figure 6.6: Controls of the Battery Charger in Simulink
Figure 6.5: Average Model of the Battery Charger in Simulink
The control of the battery charger DC/DC converter was described in a broader sense in section
5.2, however figure 6.6 shows the implementation in Simulink. As mentioned in section 5.2, the
OVR and OCR controllers are of the traditional PI controller as shown in figures 6.7 and 6.8,
respectively.
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Figure 6.7: PI Controller for Battery Charger OVR in Simulink
Figure 6.8: PI Controller for Battery Charger OCR in Simulink
68
6.3 Carport Structure
The entire carport structure was simulated using the above shown blocks for the charger and solar
DC/DC converters as well as the inverter and rectifier blocks despite them not being covered in
this thesis. Figure 6.9 shows the entire simulation model of the carport with an easy interface for
modifying every critical parameter of the system. The simulation is based on a 24 hour run time
throughout the day with solar irradiation varying throughout the day.
Figure 6.9: Carport Structure in Simulink
A test was done to simulate the droop characteristics of the converter by running the inverter,
rectifier, solar DC/DC converter and the battery charger DC/DC converters. To verify that the droop
in simulation was working correctly, a car battery charger was added into the system causing the
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bus voltage to droop due to heavier loading. As the bus voltage drops lower, the inverter begins
lowering its power delivered to the grid so that the charger is able to get full power. The bus voltage
continues to sag too low and so the rectifier turns on pushing supplementary power onto the bus.
During this test, the solar DC/DC converter was left pushing full power to the bus. The simulation
results for this test are shown in figure 6.10.
Figure 6.10: Carport Structure in Simulink: Simulation Results
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CHAPTER 7: EXPERIMENTAL RESULTS
The testing conditions for the following tests were as follows:
• A single solar DC/DC converter
• Two car battery DC/DC converters charging 12V lead acid batteries






The solar DC/DC converters were powered from the input with a solar array simulator. The
output of the solar DC/DC formed the DC bus and the two car battery chargers plug into the DC
bus with their outputs connected to separate batteries.
7.1 Maximum Power Point Tracking
The maximum power point tracking algorithm was tested at low power and low voltage using a
solar array simulator in the lab. This simulator is a DC power source with a variable output current
based on the output voltage of the supply.
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Some measurements were taken of the solar panel characteristics during normal operation of
battery charging. The panel voltage and the bus voltage were measured to show the bus voltage rip-
ple during each step of the algorithm. The results in figure 7.1 show little bus voltage perturbation
during each step giving the system a more stable and robust mode of operation.
Figure 7.1: Maximum Power Point Tracking results: 100 ms step time with 1 volt step size
Controlling the solar array simulator was done by computer software developed at ApeCOR
specifically for controlling solar array simulators. The software takes in the solar parameters shown
above to generate the appropriate power curve of the solar panel. The results show that the con-
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verter is operating at or near the maximum power point, shown by the blue curve in figure 7.2. The
red curve in the figure represents the IV curve that is typical of solar panels.
Figure 7.2: Solar Array Simulator Control Software (Developed by ApeCOR)
Due to noise on the sensing measurements as well as filter delay, optimizing the maximum
power point tracking algorithm to operate faster with smaller steps would cause the maximum
power point tracking algorithm to misstep too far in either direction of the power curve. This
would result in more time being spent at lower power than what is found at the maximum power
point.
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7.2 Car Battery Charger DC/DC Converter
Using the same test procedure and parameters as above, two individual car battery chargers were
tested with individual batteries on the output.
The first test was done assuming both batteries were depleted and could accept all power avail-
able from the solar panels. This case is shown in figure 7.3 and it can be seen that the two battery
chargers are equally sharing the available power from the solar panel. The only difference in cur-
rent is due to sensing error however the difference between the two is minimal and insignificant at
this power level.
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Figure 7.3: Two depleted car batteries being charged: Droop behavior allows for near equal current
sharing
The second test done with the car battery chargers was to simulate a load step to no load for
one of the car batteries. The extra power available from car battery 1 is absorbed by car battery 2
and the bus capacitance. The bus capacitance accepts some of the energy because car battery 2 has
reached a voltage regulation mode and power is being limited to it. Since the bus voltage is not
regulated directly, the droop allows the bus to fluctuate depending on the power flow in the carport
system. The change in the bus voltage is measured to be 500 mV. The results shown in figure 7.4
show this test case.
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Figure 7.4: Car battery 1 is going into battery voltage regulation mode
The third test done was bringing battery 1 out of voltage regulation and back into the first phase
of battery charging the current controller is pushing the commanded reference from the droop
equation. The current for battery 1 quickly rises to the current reference that is commanded by the
droop equation and similarly for battery 2, the current quickly falls to the reference commanded
by the droop equation. As battery current 1 rises to the reference, the bus voltage drops back down
to the original level shown in the previous case. This is a change of 500 mV in the bus voltage.
The results for this test case are shown in figure 7.5.
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Figure 7.5: Car battery 1 coming out of voltage regulation mode
7.3 Full Power Open Loop Testing
Prior to testing with the controls, the power stage design went under heavy testing to verify that
the layout, driving and sensing was working so that controls testing and implementation would
be much simpler. After the three prototypes of power stages and numerous driving circuits, the
final design was tested at full power and the rated voltage. Both the solar DC/DC and the battery
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Table 7.1: Solar DC/DC Efficiency Results
Vin (V) Iin (A) Vout (V) Iout (A) Pin (W) Pout (W) Ploss (W) Efficiency (%)
329.94 0.32 208.17 0.38 0.11 79 28 73.83
329.91 0.56 208.39 0.76 0.19 159 26 85.95
329.89 0.8 208.37 1.14 0.27 237 28 89.43
329.88 1.05 207.64 1.5 0.35 311 34 90.14
329.87 1.29 207.22 1.87 0.43 387 39 90.85
329.86 1.51 207.05 2.21 0.5 457 42 91.58
329.84 2 206.74 2.99 0.66 618 42 93.64
329.82 2.45 206.41 3.73 0.81 770 37 95.42
329.82 2.47 206.36 3.77 0.82 778 37 95.46
329.82 2.48 206.34 3.78 0.82 780 37 95.47
329.8 2.93 206.49 4.53 0.97 934 34 96.49
329.8 3.21 206.44 4.97 1.06 1025 32 96.97
329.78 3.69 206.82 5.7 1.22 1178 38 96.88
329.78 3.72 206.82 5.74 1.23 1188 38 96.9
329.77 3.96 206.97 6.1 1.31 1262 43 96.7
charger DC/DC converters exhibited high efficiency and the soft switching timing was optimized
for prototypes.
Testing was first done on the solar DC/DC converter and then the overall efficiency between
the solar DC/DC and the charger DC/DC was measured. The testing with the solar DC/DC yielded
the efficiency results shown in table 7.1. The efficiency curve for this test is shown in figure 7.6.
The second efficiency test done on the entire solar panel to car battery system yielded the results
shown in table 7.2. The efficiency curve for this test is shown in figure 7.7.
In addition to efficiency testing on the power stage boards, other testing was done to test the
interleaving on a battery charger DC/DC board. In figure 7.8, the interleaving between two phases
on a single battery charger DC/DC board can easily be done because both stages are controlled by
a single DSP. Because other battery charger DC/DC converters in the system will have their own
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Figure 7.6: Solar DC/DC Efficiency Curve
Table 7.2: Solar DC/DC and Charger DC/DC Efficiency Results
Vin (V) Iin (A) Vout (V) Iout (A) Pin (W) Pout (W) Ploss (W) Efficiency (%)
329.83 0.89 72.27 3.3 293 238 55 81.23
329.84 1.61 71.45 6.58 531 470 61 88.51
329.83 1.96 72.28 8.08 646 584 62 90.4
329.88 2.16 71.88 8.98 713 645 68 90.46
329.82 2.42 72.02 9.98 799 719 80 89.99
329.69 3.39 70.3 14.33 1117 1008 109 90.24
329.83 3.57 71.73 14.69 1177 1054 123 89.55
329.78 3.96 72.11 16.15 1307 1164 143 89.06
329.74 4.44 72.27 18.07 1465 1306 159 89.15
329.69 5.08 72.77 20.03 1673 1458 215 87.15
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Figure 7.7: Solar DC/DC and Charger DC/DC Efficiency Curve
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Figure 7.8: Battery Charger DC/DC with interleaving: switch nodes for both phase. Vin=225V,
Vout=84V, Iout=47A, Efficiency=96%
DSP, each board only has the the ability to easily interleave it’s own two phases and not with the
other battery charger DC/DC converters in the system. One method to overcome this would be to
rely on communication between each DC/DC module allowing for PWM synchronization so that
interleaving can be possible.
In addition to the interleaving, the switch nodes also show very little ringing due to the use of
soft-switching in this converter. To further confirm soft-switching, the charger DC/DC switching
waveforms are shown in figure 7.9.
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Figure 7.9: Switching waveforms of charger DC/DC converter
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CHAPTER 8: CONCLUSION
The research for this thesis was able to thoroughly test the controls for the carport system in
simulation entirely to prove the concept of droop power sharing controls in a carport architecture.
The hardware tests on the power stage prove that direct DC/DC charging is more effective and
efficient allowing for quicker charge times for PHEVs.
Future work on this project will continue at UCF allowing the research team to conduct more
testing with the grid connection to the carport. Since this thesis focused on the direct DC/DC
charging aspect of the solar panels to the PHEV, topology selection for the grid interface must be
worked on as well as controls testing and implementation for the grid. Since the carport system
is modular, testing for the grid interface will be easier as the existing carport structure has been
implemented in this thesis.
The future work on the grid connection should be broken down into three stages. The first
stage is developing a hardware interface between the carport and an off the shelf grid-tie inverter.
The grid-tie inverter being has a maximum power point tracking mode of operation is it is geared
towards the solar panel market. A direct connection to the DC bus in the carport would create
a regulated DC bus causing all of the droop controlled devices to become unstable. Instead, the
inverters DC input should be controlled by an interface circuit that tricks the inverter into thinking
that it is operating in maximum power point tracking mode while the DC bus in the carport is left
unregulated.
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The second stage of work should focus on developing an efficient rectifier stage, ideally with
active power factor correction. This will serve as a source when the solar power is too small to
charge PHEVs and it’s operation was described in section 3.2.
The final stage should focus on developing a single module to control bi-directional power flow
to and from the grid. This will increase the power density of the grid interface and reduce the cost






































- direction = −direction
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Figure A.1: Decision Flowchart for the Maximum Power Point Tracking Algorithm
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limitOCR = DUTY MAX
limitIV R = measured duty + 5%

?
limitIV R = DUTY MAX
limitOCR = measured duty + 5%
-
errorOCR = IrefOCR - Ioutdig
errorIV R = Vindig - IrefIV R
?
duty ocr = output of OCR
duty ivr = output of IVR
?
Update Duty Cycle with
minimum of duty ocr and duty ivr
Figure A.2: Decision Flowchart for the Solar Controls
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Iref = output of OVR
duty = output of OCR
- Update Duty Cycle with duty





Current Ripple of Buck Converter Inductor
∆I =
(Vin − Vout) ∗D ∗ T
L
(B.1)
Controls for Carport System
Error Signal of IVR for Solar DC/DC Converter
errorivr = Vin − Vinref (B.2)
Error Signal of OCR for Solar and Battery Charger DC/DC Converters
errorocr = Ioutref − Iout (B.3)
Error Signal of OVR for Battery Charger DC/DC Converter




Maximum Power Point Tracking Code
unsigned m p p t F i r s t C h a n n e l ( long new power , unsigned r e s e t , unsigned
va lue , unsigned ho ld )
{
s t a t i c long i v r r e f =0 ;
s t a t i c long d i r e c t i o n =−1;
s t a t i c long o l d p o w e r =0;
/ / i f mppt needs t o be r e s e t , r e s e t i t w i t h v a l u e
i f ( r e s e t )
{
/ / s e t t h e r e f t o t h e r e s e t v a l u e
i v r r e f = va lue −( long )comm . r e g . m p p t S t e p S i z e ;
/ / s t o r e t h e power
o l d p o w e r = ( long )ADC VOUT∗ ( long ) ADC IOUT1 ;
/ / change t h e d i r e c t i o n t o move t o t h e l e f t
d i r e c t i o n = 1 ;
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re turn v a l u e ;
}
/ / i f t h e mppt needs t o be f r o z e n , t h e n f r e e z e i t
i f ( ho ld )
re turn i v r r e f ;
/ / s w i t c h d i r e c t i o n s i f power went down
i f ( new power < o l d p o w e r )
d i r e c t i o n = −d i r e c t i o n ;
/ / o v e r r i d e d i r e c t i o n i f d u t y c y c l e i s a t max
i f ( comm . r e g . meas du ty2 == DUTY MAX )
d i r e c t i o n = 1 ;
/ / Add on to t h e d u t y c y c l e
i v r r e f += ( long )comm . r e g . m p p t S t e p S i z e ∗ d i r e c t i o n ;
/ / S t o r e power f o r n e x t MPPT i t e r a t i o n
o l d p o w e r = new power ;
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/ / l i m i t t h e i v r r e f
i v r r e f = s a t u r a t e ( i v r r e f , 0 , PANEL MAX VOLTAGE ) ;
/ / r e t u r n t h e o u t p u t
re turn ( unsigned ) i v r r e f ;
}
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Solar DC/DC Converter Droop Control Calculation
o c r r e f = ( unsigned ) s a t u r a t e ( ( long ) ( ( long ) ( ( long ) 1023 − ( long )
comm . r e g . m e a s v o u t z o o m f i l t ) ∗ ( long )OCR REF MAX )>>10 , 0 ,
OCR REF MAX ) ;
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Battery Charger DC/DC Converter Droop Control Calculation
o c r r e f = ( unsigned ) s a t u r a t e ( ( long ) ( ( long )comm . r e g .
m e a s v i n z o o m f i l t ∗ ( long )OCR REF MAX )>>10 , 0 , 1023 ) ;
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